Cognitive Computing in Sociotechnical Systems, Vol. 205, 2026, 73-83 AH IFE
https://doi.org/10.54941/ahfe1007363 | ternational

Decision-Making in Emergency Response
Organisations: Human Factors Challenges
and Implications for Digital Support
Systems

Hannes Kern', Katja Hittenbrenner', Clemens Koenczoel?, Deborah
Huber?, Manfred Pollheimer-Stadlober? Alexander Elser?, Jochen
A. Mosbacher*, Martin Pszeida*, Wolfgang Weiss*, Sandra Pichler®,
Jasmina Schmidt5, Klaus Tschabuschnig®, Josef RampitschS,

Georg Schwarzott’, Marie Ottilie3, Lucas Paletta*, Dietrich Albert?,
and Bettina Kubicek?

"IRIS - Industrial Risk and Safety Solutions e.U., 8250 Vorau, Austria
2University of Graz, 8010 Graz, Austria

SFurtwangen University, 78120 Furtwangen, Germany

4Joanneum Research, 8010 Graz, Austria

*Disaster Competence Network, 8010 Graz, Austria
SLandesfeuerwehrschule Karnten, 9020 Klagenfurt, Austria

Vienna Fire Department, 1010 Vienna, Austria

ABSTRACT

Emergency response organisations operate under conditions of extreme time pressure,
uncertainty, and high stakes, where the quality of operational decisions directly affects
the safety of responders and the public. Increasing technological complexity, novel
hazard profiles such as alternative energy carriers and lithium-ion battery systems, and
dynamic multi-actor environments significantly increase cognitive load and expose
limitations of existing procedural and technological support mechanisms. Although
digital Decision Support Systems (DSS) and advanced information and communication
technologies are widely promoted as tools to improve operational decision-making,
their practical adoption and effectiveness at the tactical level remain limited. One
important reason for this gap may lie in the insufficient alignment of such systems
with the Individual and contextual dynamics of real emergency response operations.
This paper examines decision-making challenges in emergency response organisations
from a Human Factors perspective and discusses implications for the design of digital
decision support systems. The study builds on insights from the EMERDEC project,
which investigates how tactical decisions are formed during the early and most critical
phases of emergency response. Methodologically, EMERDEC combines participatory
approaches, ethnographic field research, and controlled simulation studies in virtual
and real-world environments. Advanced wearable sensor technologies and immersive
simulations are used to capture psychophysiological indicators of stress, workload,
and situational awareness. Based on these empirical insights, the paper identifies
key Human Factors challenges for digital decision support and argues for a shift from
technology-driven system development toward human-centred DSS design that aligns
with the cognitive realities of emergency response operations.
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INTRODUCTION

Emergency response organisations operate in environments characterised
by time pressure, incomplete information, and rapidly evolving hazards.
These conditions create decision environments that differ significantly from
the structured assumptions underlying many analytical models used in
planning and command doctrine (Cohen-Hatton et al., 2015; Groenendaal
& Helsloot, 2016; Kern, 2017). Decisions made during the early phases of
an incident can have far-reaching consequences for the safety of responders,
affected populations, and critical infrastructure (Kern, 2020; Penney et al.,
2022). Incident commanders must often assess uncertain situations within
minutes while coordinating personnel, interpreting fragmented information,
and anticipating possible escalation.

Empirical research shows that decision-making under such conditions rarely
follows systematic comparison of multiple alternatives. Instead, responders
often rely on rapid interpretation of situational cues and experience-based
judgement (Cohen-Hatton et al., 2015; Okoli et al., 2022). This form of
decision-making is well described within the naturalistic decision-making
framework, particularly through Klein’s Recognition-Primed Decision (RPD)
model (Klein, 1993; Klein et al., 2010). According to this model, experts
recognise familiar patterns in complex situations and evaluate the first
plausible course of action through mental simulation rather than analytical
comparison of alternatives. These findings align with broader theories
of bounded rationality and heuristic decision-making under uncertainty
(Gigerenzer & Goldstein, 1996; Gigerenzer & Selten, 2001).

In emergency response contexts, decisions are frequently made under
conditions of incomplete situational awareness. Situational awareness
describes the cognitive process of perceiving relevant environmental elements,
understanding their meaning, and projecting their future development (Endsley,
1995). Maintaining such awareness is particularly challenging in dynamic
incidents where information is fragmented and distributed across multiple
actors and systems (Danielsson et al., 2014; Wolbers & Boersma, 2013).

At the same time, the operational environment of emergency services is
becoming increasingly complex. Technological developments, new industrial
materials, and emerging energy systems introduce novel hazard scenarios
that may not yet be fully represented in training or operational doctrine
(Baetzner et al., 2022; Kern, 2020). Many incidents also require coordination
between multiple organisations, creating additional individual and contextual
challenges for decision-makers (Penney et al., 2022).

Digital technologies are increasingly promoted as tools to improve
situational awareness and support operational decision-making. Decision
Support Systems (DSS), sensor networks, and advanced communication
platforms promise enhanced information availability and improved
coordination (Steiner et al., 2017). However, despite technological progress,
their practical adoption at the tactical level remains limited. Many systems
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are designed from a technological perspective and assume analytical decision
processes that do not reflect the cognitive realities of emergency response
work (Carvalho et al., 2018; Phillips-Wren & Adya, 2020).

Consequently, a growing body of research emphasises the importance
of Human Factors perspectives in the design of Digital Support Systems
(Cohen-Hatton et al., 2015; Steiner et al., 2017). Human-centred approaches
acknowledge cognitive limitations, stress effects, and the role of intuitive
decision strategies developed through operational experience (Beilock &
Carr, 2001; Marvin et al., 2023). Rather than replacing human judgement,
digital systems should support the individual processes through which
responders interpret situations and select appropriate actions.

Understanding how decisions are formed actually during emergency
operations is therefore a prerequisite for developing effective decision support
technologies. This includes analysing how information cues are perceived,
how situational understanding emerges, and how stress and organisational
factors influence decision strategies (Klein et al., 1989; Penney et al., 2022).

The research presented in this paper addresses these questions within the
EMERDEC project, which investigates decision-making processes during the
early phases of emergency response. By combining participatory research
methods, ethnographic observations, and controlled simulation studies,
the project reconstructs decision processes in a simulated operational
environment and identifies key human factors influencing them.

Limitations of Procedural and Analytical Decision Models

Many operational doctrines and decision-support frameworks in emergency
management implicitly assume that decision-makers are able to follow
structured analytical procedures when assessing incidents and selecting
response strategies (Figure 1).
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Figure 1: Simplified representation of the operational leadership cycle used in emergency
response command doctrine (Bundesministerium fiir Inneres, 2007; Schlafer, 1998).
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Such models typically rely on a sequential process: collecting information,
analysing the situation, generating alternative courses of action, evaluating
these options, and selecting the most appropriate one. This logic is reflected
both in formal command doctrine and in classical rational decision
models such as multi-criteria evaluation and cost-benefit approaches
(Bundesministerium fir Inneres, 2007; Schlifer, 1998; Saaty, 1990; Dreze &
Stern, 1987; Zangemeister, 1976). While these structured approaches provide
an important conceptual basis for training and planning, their applicability
under real operational conditions is often limited (Cohen-Hatton et al., 2015;
Groenendaal & Helsloot, 2016; Kern, 2017).

Emergency incidents rarely evolve in ways that allow for systematic
comparison of multiple alternatives. Information is typically incomplete,
ambiguous, and continuously changing. At the same time, responders are
required to act quickly in order to prevent escalation. Under such conditions,
the time required to gather comprehensive information and analytically
evaluate different options may simply not be available (Cohen-Hatton
etal.,20135; Phillips-Wren & Adya, 2020; Penney et al.,2022). This limitation
is also consistent with broader critiques of overly formal decision models in
uncertain, high-pressure contexts, where simpler inferential strategies may
outperform more elaborate analytical procedures (Dawes, 1979; Gigerenzer
& Goldstein, 1996; Gigerenzer & Todd, 1999).

Several accident investigations in the emergency response domain illustrate
how operational decision-making unfolds under these constraints. An
example for this is the 2013 explosion at a fertilizer storage and distribution
facility in West, Texas. When firefighters arrived on scene, they were
confronted with a developing fire at the facility and initiated a conventional
fire suppression approach. The responding crews were informed of large
quantities of ammonium nitrate that were stored at the site, but unaware of
the quick escalation pathway and the potential for creating a catastrophic
explosion. As the fire progressed, the material detonated, resulting in the
deaths of multiple firefighters and extensive damage to the surrounding area
(Bass et al., 2013).

From a retrospective perspective, it might appear that the responders
should have recognised the explosive hazard and adopted a more defensive
strategy. However, such an interpretation risks oversimplifying the decision
context faced by the crews on scene. At the time of the initial response,
the available cues primarily indicated a structure fire, a scenario for which
established operational routines strongly favour an offensive attack (Bass
et al.,, 2013; Pulm, 2002; Scarborough, 2017). Information about the
presence and quantity of ammonium nitrate was not readily available, and
the responders had little time to conduct a detailed hazard assessment. In
this situation, the decision to initiate fire suppression was consistent with
common operational patterns and expectations, illustrating how responders
often rely on rapid situational framing rather than analytical evaluation of
multiple hazard scenarios (Klein et al., 2010; Okoli et al., 2022).

A similar dynamic can be observed in industrial accident environments.
The explosion at the chemical company BASF in Ludwigshafen, Germany,
in 2016 occurred during maintenance work on a pipeline system at the
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company’s North Harbor site. Following a gas release and subsequent
explosion, emergency responders were confronted with a complex and
evolving industrial incident involving fire, hazardous substances, and damage
to infrastructure. In the early phase of the incident, responders had to make
rapid decisions regarding access routes, hazard zones, and tactical priorities
while dealing with incomplete information about the underlying technical
processes and the substances involved (Haselhorst & Friedrich, 2016).

Industrial incidents of this type illustrate a further limitation of procedural
decision models: many hazards are not immediately visible and require
specialised knowledge or additional information sources to be correctly
interpreted. In such environments, responders must often make decisions
before the technical details of the incident are fully understood. As a result,
operational decisions are frequently based on provisional interpretations
that may need to be revised as new information becomes available (Penney
et al., 2022; Cordner, 2021).

Even in more typical structural fire scenarios, the dynamics of emergency
operations often limit the feasibility of analytical decision-making. Interior
fire attacks, for example, require firefighters to interpret rapidly changing
environmental cues such as smoke characteristics, heat conditions, and
ventilation patterns in order to anticipate potentially dangerous fire behaviour
phenomena such as flashover (Ridder et al., 2013; Gerse et al., 2017).
Experienced firefighters frequently develop intuitive responses to such cues
through repeated exposure to similar situations during training and operational
deployments (Klein et al., 20105 Kern, 2017). When warning signs of extreme
heat or deteriorating conditions become apparent, crews may withdraw
instinctively without consciously analysing the underlying thermodynamic
processes. Such rapid reactions are often critical for survival but do not
correspond to the step-by-step reasoning assumed in many formal decision
models (Ridder et al., 2013; Gerse et al., 2017; Gigerenzer & Selten, 2001).

Similar mechanisms can be observed in technical rescue operations. During
vehicle extrication scenarios, responders must quickly identify safe access
points, stabilisation strategies, and cutting techniques while simultaneously
considering potential hazards such as undeployed airbags, battery systems,
or structural instability of the vehicle. While technical guidelines provide
general procedures for such situations, the actual selection of a specific
approach often depends on rapid recognition of structural patterns and
situational cues rather than detailed analytical comparison of all possible
rescue strategies (Pulm, 2002; Kern, 2020).

Taken together, these examples highlight a fundamental tension between
formal procedural decision frameworks and the realities of operational decision-
making. While structured analytical approaches remain important for planning,
training, and post-incident analysis, real-time decision-making in emergency
response environments is frequently shaped by rapid situational interpretation,
experience-based judgement, and heuristic reasoning (Klein, 2008; Gigerenzer
& Todd, 1999; Gigerenzer & Goldstein, 1996; Okoli et al., 2022).

Recognising these dynamics is essential for understanding the cognitive
foundations of operational decision-making and for identifying the limitations
of technology-driven support concepts that assume idealised analytical
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workflows. In particular, digital decision support systems that present large
amounts of raw data without supporting rapid situational interpretation
may inadvertently increase cognitive load rather than improving decision
quality (Steiner et al., 2017; Phillips-Wren & Adya, 2020). A more effective
approach requires a deeper understanding of how responders actually
perceive, interpret, and act upon information under operational conditions
(Cohen-Hatton et al., 2015; Carvalho et al., 2018; Butler et al., 2023).

Human Factors and the Gap in Digital Decision Support

The limitations of procedural and analytical decision models in emergency
response highlight the need for a deeper understanding of the human
factors shaping operational decision-making. Decisions made by emergency
responders are not only influenced by the objective characteristics of an
incident but also by Individual and contextual factors that affect how
information is perceived, interpreted, and acted upon (Cohen-Hatton et al.,
2015; Butler et al., 2023; Penney et al., 2022). Empirical studies show that
real-world decisions in emergency services are strongly shaped by individual
experience, contextual interpretation, and organisational practice rather
than purely formal analytical reasoning (Carvalho et al., 2018; Groenendaal
& Helsloot, 2016).

Emergency response environments are characterised by high uncertainty,
time pressure, and operational risk. Responders must simultaneously interpret
environmental cues, coordinate teams, communicate across organisational
boundaries, and anticipate potential developments of the incident. These
tasks compete for limited cognitive resources and are often performed under
considerable psychophysiological stress (Beilock & Carr, 2001; Frenkel
et al., 2021; Marvin et al., 2023). Consequently, operational decision-
making is strongly influenced by bounded rationality and experience-based
judgement rather than systematic analytical reasoning (Gigerenzer & Selten,
2001; Gigerenzer & Goldstein, 1996).

In such contexts, responders frequently rely on pattern recognition and
heuristics to interpret complex situations. Within the naturalistic decision-
making tradition, Klein’s Recognition-Primed Decision (RPD) model explains
how experienced responders recognise familiar patterns and evaluate
the first plausible course of action through mental simulation rather than
comparing multiple alternatives (Klein, 1993; Klein et al., 2010). While this
strategy enables rapid responses in dynamic environments, it can also create
vulnerabilities when responders encounter unfamiliar hazards or misleading
cues (Okoli et al., 2022; Penney et al., 2022).

A closely related concept is situational awareness, defined as the ability to
perceive relevant elements of the environment, understand their meaning, and
anticipate their future development (Endsley, 1995). Maintaining situational
awareness is particularly challenging in emergency response contexts where
information is fragmented, dynamically evolving, and distributed across
multiple actors and technical systems (Danielsson et al., 2014; Wolbers &
Boersma, 2013).
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At the same time, emergency response organisations face increasingly
complex operational environments. Technological transformation, new
industrial materials, and emerging energy systems introduce novel hazard
scenarios that responders may encounter with limited operational experience
(Baetzner et al., 2022; Kern, 2020; Cordner, 2021).

Digital technologies such as Decision Support Systems (DSS), communication
platforms, and sensor-based information systems are therefore frequently
proposed to support operational decision-making (Steiner et al., 2017).
However, despite significant technological advances, their practical adoption
at the tactical level remains limited (Carvalho et al., 2018; Phillips-Wren &
Adya, 2020). A key reason lies in the assumptions underlying many technical
systems, which focus primarily on improving information availability and
assume analytical decision processes similar to formal command cycles or
rational decision models.

Empirical observations suggest that this assumption is overly simplistic.
Many systems provide large amounts of information without supporting
the individual processes through which responders construct situational
understanding and select appropriate actions (Steiner et al., 2017; Phillips-
Wren & Adya, 2020). Moreover, operational decision-making is also shaped
by individual and contextual factors such as experience, hierarchy, and
collective norms, which influence how situations are interpreted and which
actions are considered appropriate (Boyd & Richerson, 2005; Scarborough,
2017; Butler et al., 2023).

These findings highlight a central challenge for digital decision support
technologies: meaningful support can only be achieved if systems are aligned
with the individual and contextual realities of emergency response work
(Steiner et al., 2017; Penney et al., 2022).

The EMERDEC project addresses this research gap by investigating
decision-making processes during the early and most critical phases of
emergency response. The project focuses on the tactical level, where first-
arriving officers and small operational teams must interpret rapidly evolving
situations and make time-critical decisions under uncertainty (Klein et al.,
1989; Klein, 2008).

To study these processes, EMERDEC combines participatory methods
such as expert workshops and interviews with cognitive task analysis and
ethnographic observations of exercises. In addition, immersive simulation
experiments using virtual reality environments are conducted to analyse
decision processes under controlled but operationally realistic conditions.
These simulations are implemented using the XVR On Scene platform, which
is widely used for incident command training.

During these experiments, wearable biosensors and mobile eye-tracking
systems capture psychophysiological indicators such as heart rate, gaze
behaviour, and electrodermal activity (Hart, 1986; Beilock & Carr, 2001).
This combination of qualitative field research, immersive simulations, and
psychological measurements enables a detailed reconstruction of decision
processes.
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The resulting insights provide an empirical basis for identifying critical
decision points, typical decision strategies,and potential cognitive vulnerabilities
in emergency operations. Building on this understanding, the project aims to
derive implications for the design of digital decision support systems that
are better aligned with the individual strategies and contextual realities of
emergency response organisations. In this way, EMERDEC seeks to contribute
to the human-centred design of future decision support technologies.

CONCLUSION

Incidents in the emergency response context are characterised by time pressure,
uncertainty, incomplete information, and rapidly evolving hazards, requiring
responders to act before a comprehensive understanding of the situation is
available. The examples discussed in this paper highlight the limitations of
procedural decision frameworks when applied to real emergency operations.
While structured models such as formal leadership cycles provide valuable
guidance for training, planning, and post-incident analysis, they often fail to
capture the cognitive processes that shape decisions in dynamic operational
environments. In practice, experienced responders rely heavily on intuitive
judgement and situational awareness to interpret ambiguous cues and select
plausible actions under time pressure.

From a Human Factors perspective, these decision processes are shaped by
an interaction of individual and contextual factors. Stress, workload, limited
cognitive capacity, and contextual dynamics influence how information is
perceived and processed into operational decisions. Digital technologies and
Decision Support Systems are frequently proposed to improve operational
decision-making. However, the limited adoption of many existing systems
suggests a persistent mismatch between technological design assumptions
and the cognitive realities of emergency response work. Systems that
primarily focus on increasing information availability without supporting
rapid interpretation and situational understanding may increase cognitive
workload rather than improve decision quality.

These observations underline the importance of adopting a human-centred
approach to the design of digital Decision Support Systems. Instead of replacing
human assessment and decision making, technological solutions should support
the cognitive strategies through which responders construct situational awareness
and select appropriate actions. Achieving this requires a deeper empirical
understanding of how decisions are formed under operational conditions.

Ultimately,improving decision support in emergency response organisations
requires moving beyond purely technology-driven innovation towards a
closer integration of individual, contextual and technical factors into system
design (Hancock et al., 2021). Such an approach has the potential to enhance
decision quality, improve responder safety, and increase the acceptance and
effectiveness of digital support tools in real operational environments.
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